The Cryosphere, 16, 2373-2402, 2022
https://doi.org/10.5194/tc-16-2373-2022

© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

The Cryosphere

Snowfall and snow accumulation during the MOSAiC

winter and spring seasons

David N. Wagner!2, Matthew D. Shupe>*, Christopher Cox>*, Ola G. Persson>*, Taneil Uttal®>, Markus M. Frey’,
Amélie Kirchgaessner’, Martin Schneebeli', Matthias Jaggi', Amy R. Macfarlane!, Polona Itkin®’, Stefanie Arndt3,
Stefan Hendricks®, Daniela Krampe®, Marcel Nicolaus®, Robert Ricker?, Julia Regnery®, Nikolai Kolabutin®,

Egor Shimanshuck’, Marc Oggier'?, Ian Raphael'!, Julienne Stroeve!>!3!4, and Michael Lehning'

IWSL Institute for Snow and Avalanche Research SLF, Davos, Switzerland
2CRYOS, School of Architecture, Civil and Environmental Engineering, EPFL, Lausanne, Switzerland

3NOAA Physical Science Laboratory, Boulder, CO, USA

4Cooperative Institute for the Research in Environmental Sciences, University of Colorado Boulder, Boulder, CO, USA
SBritish Antarctic Survey — Natural Environment Research Council, Cambridge, UK

SUiT — The Arctic University of Norway, Tromsg, Norway

7C00perative Institute for Research in the Atmosphere, Colorado State University, Fort Collins, CO, USA
8 Alfred-Wegener-Institut, Helmholtz-Zentrum fiir Polar- und Meeresforschung, Bremerhaven, Germany

9 Arctic and Antarctic Research Institute, St. Petersburg, Russia

101nternational Arctic Research Center, University of Alaska Fairbanks, Fairbanks, AK, USA
11Thayer School of Engineering, Dartmouth College, Hanover, NH, USA

12Centre for Earth Observation Science, University of Manitoba, Winnipeg, Canada

13Earth Sciences Department, University College London, London, UK

14National Snow and Ice Data Center, University of Colorado, Boulder, CO, USA

Correspondence: David N. Wagner (david.wagner @slf.ch)

Received: 23 April 2021 — Discussion started: 26 April 2021

Revised: 5 February 2022 — Accepted: 20 May 2022 — Published: 17 June 2022

Abstract. Data from the Multidisciplinary drifting Observa-
tory for the Study of Arctic Climate (MOSAIiC) expedition
allowed us to investigate the temporal dynamics of snowfall,
snow accumulation and erosion in great detail for almost the
whole accumulation season (November 2019 to May 2020).
We computed cumulative snow water equivalent (SWE) over
the sea ice based on snow depth and density retrievals from
a SnowMicroPen and approximately weekly measured snow
depths along fixed transect paths. We used the derived SWE
from the snow cover to compare with precipitation sensors
installed during MOSAIC. The data were also compared with
ERAS reanalysis snowfall rates for the drift track. We found
an accumulated snow mass of 38 mm SWE between the end
of October 2019 and end of April 2020. The initial SWE
over first-year ice relative to second-year ice increased from
50 % to 90 % by end of the investigation period. Further, we
found that the Vaisala Present Weather Detector 22, an op-

tical precipitation sensor, and installed on a railing on the
top deck of research vessel Polarstern, was least affected by
blowing snow and showed good agreements with SWE re-
trievals along the transect. On the contrary, the OTT Pluvio®
pluviometer and the OTT Parsivel”® laser disdrometer were
largely affected by wind and blowing snow, leading to too
high measured precipitation rates. These are largely reduced
when eliminating drifting snow periods in the comparison.
ERAS reveals good timing of the snowfall events and good
agreement with ground measurements with an overestima-
tion tendency. Retrieved snowfall from the ship-based K-
band ARM zenith radar shows good agreements with SWE
of the snow cover and differences comparable to those of
ERAS. Based on the results, we suggest the K,-band radar-
derived snowfall as an upper limit and the present weather
detector on RV Polarstern as a lower limit of a cumulative
snowfall range. Based on these findings, we suggest a cumu-
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lative snowfall of 72 to 107 mm and a precipitation mass loss
of the snow cover due to erosion and sublimation as between
47 % and 68 %, for the time period between 31 October 2019
and 26 April 2020. Extending this period beyond available
SnOw cover measurements, we suggest a cumulative snow-
fall of 98—114 mm.

1 Introduction

Snow cover on sea ice has many significant effects on the
ice mass balance and general heat exchange processes be-
tween the ocean and the atmosphere (Wever et al., 2020). As
snow will cover almost all Arctic sea ice by the beginning of
the melt season and with albedo values close to 0.9, a large
amount of the incoming solar radiation is reflected rather
than absorbed into the snowpack. Due to its potentially very
high insulating capacity, snow acts as an inhibitor for heat
transfer between ocean, sea ice and atmosphere (Holtsmark,
1955; Maykut and Untersteiner, 1971; Sturm et al., 2002b).
Depending on the season, accumulation, density and thermal
conductivity of the snow, the sea ice growth and melt vary
temporally and spatially. For instance, the underlying sea ice
might undergo faster (slower) growth in autumn when the
snow on top is relatively thin (relatively thick). On the other
hand, a thicker (thinner) snow cover might lead to delayed
(earlier) sea ice melt in the melt season. Consequently, the
small-scale snow distribution — which we define in the fol-
lowing as decimetre- to hectometre-scale snow cover area
— affects the ice mass balance on the same scales, as large
amounts of snow are accumulated along ridges or dunes,
while large areas of level ice experience little snow accumu-
lation (Lange and Eicken, 1991; Sturm et al., 1998b; lacozza
and Barber, 1999; Leonard and Maksym, 2011; Trujillo et al.,
2016). The snow that has fallen to the ground as fresh precip-
itation often gets re-distributed as blowing or drifting snow
due to the relatively high average horizontal wind velocities
during the Arctic winter. The high snow transport rates are
also a result of the relatively low aerodynamic roughness
length of sea ice, where zg is typically lower for first-year ice
(FYD) than for second- or multi-year ice (SYI or MYT) (Weiss
et al., 2011). In addition, large parts of the snow mass can
be expected to get blown into leads or undergo sublimation
(Déry and Yau, 2002; Déry and Tremblay, 2004; Leonard
and Maksym, 2011; Liston et al., 2020), which has recently
been shown to be underestimated by current models (Sig-
mund et al., 2022). Besides thermodynamic ice growth at its
bottom, snow can directly contribute to ice formation on top
of the sea ice as snow ice. Snow-ice formation occurs when
snow first transforms into slush due to surface flooding of
saltwater or direct brine expulsion through thin ice followed
by subsequent refreezing (Sturm et al., 1998a; Toyota et al.,
2011; Jutras et al., 2016; Sturm and Massom, 2016). The rel-
ative mass contribution of snow ice towards sea ice by the
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end of the accumulation season depends strongly on loca-
tion, with an approximated average of 6 %—10 % for Arctic
sea ice and with estimated local peaks of up to 80 % (Merk-
ouriadi et al., 2020). As a further term in the snow mass bal-
ance, Webster et al. (2021) mention sea ice dynamics. How-
ever, we can only imagine that the dynamics, such as ridge
formation, can lead to a snow mass decrease when the snow
is pushed below the ice or into the water.

Considering all effects as snow mass source and mass sink,
we can write the mass balance equation of snow over sea ice,
modified from the general mass balance description of snow
(e.g. King et al., 2008), as
dmM

E=P:I:ES:I:Ee—ED—R—l—B—I—V-D—L—S, (1)

where % is the rate of change of the mass of the snow cover
over the sea ice at one point in kg m~2, which is equivalent to
snow water equivalent (SWE) per time unit; P is the snowfall
rate; E is the sublimation rate and E. is the evaporation rate
of the snow cover; Ep is the drifting and blowing snow parti-
cle sublimation rate; R is runoff; B is brine mass infiltration
rate into the snow cover from below; I is the snow-ice forma-
tion rate; D is the horizontal snow transport rate of blowing
and drifting snow; L is the rate of the snow mass blown into
leads; and S is the mass of snow pushed or dug under the ice
due to sea ice dynamics. Considering a larger area (i.e. above
hectometre scale up to a scale of the whole Arctic ice pack),
all terms must be considered, while some terms may become
zero when considering the equation at one point; e.g. where
no open lead is existent at a point, L becomes zero.

The first and largest source term in Eq. (1) is, depend-
ing on the considered area, P. The central Arctic has a dry
climate, and depending on location, a yearly average snow-
fall of approximately 100 to 350 mm can be expected in this
area (Serreze and Hurst, 2000; Chung et al., 2011; Mcllhat-
tan et al., 2020; Webster et al., 2021). During polar night,
the mass decrease in the snow cover by sublimation (E) and
evaporation (E.) as well as the mass increase due to depo-
sition (re-sublimation) and condensation can probably be as-
sumed negligible (Liston et al., 2020; Webster et al., 2021).
However, sublimation and evaporation terms become larger
by the beginning of summer in May and stay relatively large
until September. Reliable values from literature are hard to
determine, but the snow cover decrease as a combination of
Eg and D (as snow particles that get lifted into suspension)
may be up to 50 % (Essery et al., 1999). To estimate the
blowing snow sublimation Ep, Chung et al. (2011) applied
the sophisticated PIEKTUK blowing snow model (used often
and in various forms; e.g. Déry et al., 1998; Déry and Yau,
1999, 2002; Déry and Tremblay, 2004; Leonard et al., 2008;
Leonard and Maksym, 2011) for a SHEBA (Surface Heat
Budget of the Arctic Ocean) field experiment (Uttal et al.,
2002) site, drifting between 74° and 81° N. They computed
12 mm of SWE blowing snow sublimation over a time period
of 324 d between November 1997 and September 1998. As
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179 mm of precipitation was found for the same time period,
the blowing snow sublimation mass sink was 6 % of the total
cumulative snowfall. During the Canadian Arctic Shelf Ex-
change Study (CASES) overwintering campaign, Savelyev
et al. (2006) found a relative humidity of over 95 % most of
the time and concluded on very low blowing snow sublima-
tion rates. Liston et al. (2020); however, suggested a signifi-
cant mass reduction of the snow cover by 20 % due to blow-
ing snow sublimation based on modelling results. Within the
melt season in summer, R can be expected to be the largest
mass sink (Webster et al., 2021). Considering brine infiltra-
tion, B, which is often accompanied by the expression of
frost flowers, Nghiem et al. (1997) found a 4 mm slush layer
forming beneath frost flowers in indoor experiments. How-
ever, when snow falls onto frost flowers or a layer of brine, it
gets soaked by brine, transformed into slush and, when cold
enough, is often transformed quickly into snow ice. Hence,
we assume that brine only can be a positive mass term as long
as a certain ambient temperature is not undercut, where the
snow begins to transform into snow ice. Regarding mass de-
crease due to snow-ice formation 7, Merkouriadi et al. (2020)
give an average value of less than 0.05 m snow-ice thickness
for the central Arctic. It is hard to estimate a precipitated
amount of SWE from recalculation from 0.05 m, as the pro-
cess of snow-ice formation is complex (Jutras et al., 2016).
However, when we assume 0.05 m as snow height with an
average fresh snow density of 100 kg m—3, we expect around
5 mm of SWE decrease, which would mean only about 3 %,
relative to the measured 179 mm during SHEBA. The snow-
ice formation rate is expected to be highest in the months
of September, October and November (Webster et al., 2021).
On one hand, the largest sink term in Eq. (1) is the erosion
outside the melting season, represented as D in the mass bal-
ance equation, which may make up to 50 % SWE decrease
over sea ice of the total precipitated snow mass (Leonard and
Maksym, 2011). On the other hand, locally, the eroded mass
may deposit at the windward and leeward sides of ridges,
on level areas such as dunes, and fill frozen leads — hence lo-
cally very often exceeding the precipitated mass. The amount
of drifting and blowing snow that is lost and gets melted in
open leads L varies strongly depending on location, consid-
ered area, ice dynamics and lead properties such as width and
orientation relative to the wind. However, the total vanished
mass flux from the column of blowing and drifting snow can
be locally up to 100 % (Déry and Tremblay, 2004; Leonard
and Maksym, 2011). Déry and Tremblay (2004) computed
an annual blowing snow loss of 20mm SWE for a 10km
fetch using the blowing snow model PIEKTUK with a mean
lead width of 100 m, an open water fraction of 1% and a
typical lead trap efficiency of 80 %. However, in this model
setup, saltation mass flux is not considered. Leonard et al.
(2008) and Leonard and Maksym (2011) were doing compu-
tations with the same model base for Antarctic sea ice, but
considering saltation mass flux in addition. They emphasize
the relative importance of saltation mass flux in the compu-
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tation, as they find that all saltated mass flux blown towards
an open lead vanishes there. They also emphasize that al-
though the mass flux within the saltation layer in their model
is lower than in the blowing snow column above, the higher
frequency of saltation (about 50 % on 23 d in October 2007)
compared against blowing snow frequency makes the mass
loss due to saltation an important term. However, only a very
limited number of studies were carried out that investigate
this specific problem, and the saltation layer with relative
large snow mass flux has not been considered in great de-
tail so far. Hence, the existing estimates go along with large
uncertainties.

As we will only consider the accumulation time period, we
can omit runoff R from Eq. (1). Further, snow cover evapo-
ration and sublimation terms are negligible during this time;
hence we can neglect the terms Eg and E.. Then we write the
simplified mass balance equation for winter and early spring
as
dmM
—=P£D—-L—-Ep—1-S. 2)

dr
To investigate all effects of the snow cover over the ice — the
insulating effect, the sea ice mass contribution effect and the
albedo effect — light must be shed into the snow processes
that are represented, and detailed knowledge of the evolu-
tion of total snow mass %, or SWE over time on top of the
ice, is required. However, due to logistical challenges, espe-
cially for the winter and spring months, snowfall rate and
snow accumulation estimates could only be roughly approx-
imated so far. The past estimates mostly made use of rare
point measurements, or rather old time series (Petty et al.,
2018) and satellite remote sensing (Petty et al., 2018; Cabaj
et al., 2020), leading to high uncertainties in weather, cli-
mate and snow cover models as well as in reanalyses. Ba-
trak and Miiller (2019), for instance, could show that a 5
to 10°C warm bias of the sea ice surface temperature in
weather forecasts and reanalyses is due to a missing snow
layer modelled on top of the sea ice. For snowfall rates and
mass balance estimations, some general problems occur: lim-
ited data about snowfall rates from precipitation gauges cur-
rently exist for this region. Buoys that measure snow height
with acoustic sensors which record long continuous time se-
ries along its drift tracks throughout the central Arctic do
exist (Nicolaus et al., 2021a). However, uncertainties with
point snow measurements arise in those windy regions due to
the snow transport processes described above. If using pre-
cipitation sensors, the high average horizontal wind veloci-
ties make snowfall rate estimates difficult for both weighing
gauges (Goodison et al., 1998) and optical sensors (Wong,
2012). The wind itself may lead to an undercatch for weigh-
ing bucket gauges (Goodison et al., 1998), while blowing
snow may lead to overestimation for both weighing gauges
and optical sensors (Sugiura et al., 2003). Blowing snow typ-
ically occurs at heights up to 10 m, while it can even reach
several hundreds of metres in altitude (Budd et al., 1966;
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Scarchilli et al., 2009). Hence, we expect that blowing snow
can often be falsely detected as precipitation by snowfall sen-
sors (Sugiura et al., 2003). Some issues caused by the wind
can be corrected with scaling factors or transfer functions,
but these need to be identified for these specific conditions
(Goodison et al., 1998). Another approach is to measure the
snow water equivalent (SWE) of the snow cover. From this,
one can derive snowfall rates. However, especially during the
polar night, the precipitated snow is dry, and as already indi-
cated above, the wind speed is often sufficiently high to drift
the freshly fallen snow particles away immediately. Hence,
single point measurements are not appropriate to estimate
snowfall, and horizontal sampling distance and temporal dis-
tance between sampling days should be kept as short as pos-
sible. This becomes more crucial the windier the location is.

During the year-long Multidisciplinary drifting Observa-
tory for the Study of Arctic Climate (MOSAIC) expedition,
during which the research vessel (RV) Polarstern (Alfred-
Wegener-Institut Helmholtz-Zentrum fiir Polar- und Meeres-
forschung, 2017) served as a base moored on two different
ice floes, data of snow on the ice as well as of in situ snowfall
were collected in great detail for almost the whole MOSAiC
period (October 2019—October 2020) (Nicolaus et al., 2021b;
Shupe et al., 2022). The dataset includes measurements of
the penetration force into the snowpack with a SnowMi-
croPen (SMP) (Schneebeli and Johnson, 1998; Schneebeli
et al., 1999) from which snowpack densities can be esti-
mated (Proksch et al., 2015) as well as bulk SWE mea-
surements, weekly repeated transects of snow depth mea-
surements and a set of precipitation sensors installed on the
ice (Vaisala Present Weather Detector 22 (PWD22) (Vaisala,
2004; Kyrouac and Holdridge, 2019), OTT Pluvio? plu-
viometer (Bartholomew, 2020a; Wang et al., 2019b), OTT
Parsivel? (Bartholomew, 2020b; Shi, 2019) and on board
RV Polarstern (Vaisala PWD22, OTT Parsivelz).

This paper investigates the snow accumulation period
from October 2019 to May 2020, where precipitation is solid,
and no significant snowmelt was observed. For this period,
the intentions in this paper are as follows.

— Compute reliable values for SWE evolution along the
fixed transect paths that include surface heterogeneities.

— Use the computed SWE for periods where no drifting
snow occurred to compare with snowfall rates from pre-
cipitation gauges installed during the MOSAIC expedi-
tion and make a best estimate of total precipitation dur-
ing the investigation period.

— Evaluate an existing radar reflectivity—snowfall (Z.—S)
relationship (Matrosov, 2007; Matrosov et al., 2008) for
the ship-based K,-band ARM zenith radar (KAZR).

— Evaluate the ERAS (Hersbach et al., 2020) mean snow-
fall rates for the MOSAIC drift track.
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— Investigate average snow mass balance and discrepan-
cies of computed snowfall rates and SWE on the sea
ice and shed light on the processes described in Eq. (2),
such as total eroded mass.

Section 2 introduces our methods, followed by Sect. 3, where
we show the results. In Sect. 4 we discuss our results, and in
Sect. 5 we draw conclusions about our findings and give an
outlook about potential future work.

2 Data and methodology

All data used for evaluations in the following were collected
during the MOSAiC campaign (Krumpen et al., 2020; Nico-
laus et al., 2021b; Shupe et al., 2022) from the beginning of
Leg 1 (24 October 2019) until the end of Leg 3 (7 May 2020)
(Fig. 1). On 4 October 2019, RV Polarstern moored along an
ice floe that originated in the Siberian shelf (Krumpen et al.,
2020).

2.1 Ice conditions and central observatory

According to Krumpen et al. (2020), the floe where RV Po-
larstern moored had a size of approximately 2.8 km x 3.8 km
and was a loose assembly of pack ice little less than a year
old that had survived the 2019 summer melt. Figure 2 shows
a map of the ice and snow surface structures and installations
by 5 March 2020 of the MOSAIC central observatory. Note
that the shown elevation range is only approximate as prob-
lems occurred with the inertial navigation system of the laser
scanner. This led to tilts, and the single swaths within the
map have staggered heights. At present, these uncertainties
could not yet be corrected. However, very bright areas in-
dicate ridges of around 2m height, with locally 3 m height
and more. The central observatory (all installations in the
close vicinity of Polarstern) was distinguished from the dis-
tributed network, which consisted of remote autonomous sta-
tions at least a few kilometres away from the CO. The de-
tailed concept of the central observatory and distributed net-
work is explained in Nicolaus et al. (2021b). The core of the
floe consisted mostly of deformed second-year ice (SYI), and
the ice surrounding this core mainly consisted of frozen melt
ponds (remnant SYT) and partially first-year ice (FYI). When
the ship moored, the heading of RV Polarstern was about
220° in October 2019. Significant changes in ice conditions
occurred the first time around 16 November 2019, when a
storm led to strong ice deformations in and around the CO.
Another significant ice deformation event occurred around
11-12 March 2020 and periodically until 7 May 2020. Over
time, the floe rotated anticlockwise and reached a minimum
heading of 75° on 21 March 2020.

We describe the measuring setup and the post-processing
for all used data streams in the following.
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Figure 1. The drift trajectory of RV Polarstern between 24 Octo-
ber 2019 and 7 May 2020.

Figure 2. Main snow measuring areas on the MOSAIC floe by
5 March 2020. The bottom layer is a digital elevation map (DEM)
from airborne laser scanning (ALS) with the helicopter. The square
side length of the underlay grid is S00m. The transect paths and
margins of the shaded measuring areas are based on GPS measure-
ments. The legend for elevation is shown in metres. However, the
elevation range is only approximate due to issues with the inertial
navigation system which could not be corrected as of yet.

https://doi.org/10.5194/tc-16-2373-2022

2.2 Snow cover measurements
2.2.1 SMP force and SWE measurements

We measured snow water equivalent (SWE) with an ETH
tube, a SWE sampler that is commonly used in Switzerland
(Haberkorn, 2019; Lépez-Moreno et al., 2020), as well as
resistance force with the SnowMicroPen (SMP) (Schneebeli
and Johnson, 1998; Schneebeli et al., 1999) and snow height
at different sites (areas shaded in yellow in Fig. 2). The bulk
SWE measurements with the ETH cylinder follow the simple
principle where the mass of the snow fitting in a tube with
a known cross-sectional area is weighed on a spring scale,
which yields the SWE in millimetres or kg m~2. The device
is calibrated for low temperatures, which is most important
for the steel spring of the scale. Lopez-Moreno et al. (2020)
made an intercomparison of various bulk density and SWE
samples including the ETH tube and tested for instrumental
bias and variability. It can be concluded that from a single
ETH tube measurement we might expect a maximum error
of 10 %. This value appears high, but given the fact that the
average Arctic sea ice snow cover is thin, the absolute error
will be low. Given a 20cm snow depth, the maximum ex-
pected error would only be 2 cm. Lépez-Moreno et al. (2020)
also argue that particularly light samples may lead to an ad-
ditional 10 % of error with respect to the weighing process
with the spring scale itself. Nonetheless, a currently non-
quantified error is that during a bulk SWE measurement a
sharp transition between snow cover and sea ice often cannot
be determined, which is especially valid for an underlying
surface scattering layer (SSL) on SYI. However, we use a rel-
atively big sample size of n = 195 bulk SWE measurements,
and with increasing sample size, uncertainties are expected
to be increasingly levelled out. To avoid wind influence on
the measurements, the weighing was conducted in the wind
shadow of surrounding objects, surrounding persons or the
person measuring.

The SMP is a device which measures the penetration re-
sistance force (V) by means of a rod with a conic tip that is
slowly driven vertically into the snowpack. A force sensor is
connected to the tip which detects the force that is needed to
drive into the snowpack with micrometre resolution. The out-
put is given as a force—snow depth signal. These penetration
resistance force signals can be used to estimate snowpack
density and detect the layers in the snowpack (Proksch et al.,
2015; King et al., 2020). We used three different sensors, but
all SMP version 4, during MOSAIC. Processing of density
from SMP force signals is discussed in the next section.

The map in Fig. 2 shows the floe state on 5 March 2020,
which changed significantly due to ice dynamics that started
on 11 March 2020. Snow was measured at the different sites
as well as along both transect loops. The measurements cover
a large area of the floe, including level, remnant SYI, FYT and
deformed SYI. Details about the sampling procedure will fol-
low below. Snow 1 was characterized mainly by a mixture
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of remnant SYI and deformed SYI. In the beginning, Snow
1 was mostly flat, but the surface became rougher over the
time of the expedition. At Snow 1 we deployed three snow
pit sites, which were maintained until the end of leg 3. The
Snow 2 plot was characterized as an open level field, mostly
on remnant and deformed SYI with a distinct high and long
pressure ridge in the centre of the plot. On Snow 2, we main-
tained two snow pit locations until the end of leg 3. Both
sites had very similar underlying ice conditions. Snow 3 was
created at a later point, furthest away from the vessel. In the
beginning, it was a very flat area with underlying FYI and
was maintained during leg 3 but needed to be abandoned
due to ice dynamics in mid-March. Further, weekly snow
pit measurements were conducted along the south-westerly
section of the northern transect loop. Also, transects were
conducted infrequently over ridges, and measurements were
conducted weekly at the ice coring sites during Leg 1 (be-
yond the map boundaries in Fig. 2, but located north-west of
the ship), among other measuring locations. The large vari-
ety of locations, their underlying ice types and snow depths
allow us to take the spatial heterogeneities of the snow cover
into account. However, since we use a bulk approach with the
collected SMP and direct SWE data, detailed information on
each measuring site is not needed and will not be provided
here.

At the measuring locations, SWE, snow height and pen-
etration resistance force measurements with the SMP were
done. The SMP measurements at the recurring snow pit lo-
cations were conducted as follows: five SMP measurements
were performed at a distance of about 20 cm along a line par-
allel to the old snow pit wall to account for the spatial het-
erogeneity of the snowpack. On the ridge sites, for instance,
SMP measurements were conducted infrequently as transects
over ridges. We used these measurements to estimate SWE
along the northern and southern transect loops, which will be
explained below. For more details about the SMP and SWE
collection, we refer to Macfarlane et al. (2021, 2022), Wag-
ner et al. (2021) (data publicly accessible after the end of
the MOSAiC moratorium in January 2023) and soon-to-be-
published data and method papers by MOSAIC participants
that describe the MOSAIC snow measurement setup in de-
tail.

2.2.2 Transects

Snow depth transects were conducted weekly with a Mag-
naprobe (Sturm and Holmgren, 2018; Itkin et al., 2021), if the
atmospheric, ice or overall safety conditions did not prevent
it. The transect path was distributed into two loops (Fig. 2): a
northern loop, mostly situated on deformed SYI, and a south-
ern loop, which was mainly situated on FYI and remnant
SYI with underlying frozen melt ponds. A transition zone
distinguished these two loops, mostly consisting of frozen
melt ponds with a very flat surface without significant het-
erogeneities. The approximate ice conditions and the tran-
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sect loop locations can be seen in orange on the MOSAIC
floe map from 5 March 2020 (Fig. 2). The elevations on the
southern transect are mostly below around 1 m height. The
elevations are generally higher on the northern transect, al-
though it does not cover ridges of up to 3 m height or more
as they have been observed on the Snow 2 plot. One impor-
tant aspect to note is that surrounding elevations of the ice
(i.e. ridges) often exceed the height of the transect areas, for
instance in the north and the south of the northern transect
or in the north and the east of the southern transect. The ex-
pected result from this surrounding sea ice characteristic is
that during drifting snow events, snow might get caught up-
wind of the transect areas, while wind speeds may decrease,
potentially leading to flow separation and a bias in the total
snow accumulation. We consider this a non-quantifiable un-
certainty at this point of research. The only way to overcome
this problem in the future is to cover larger sampling areas
and increase the number of these. To find an optimum be-
tween technical effort and reliable result, one could decrease
these areas until average values are not changing any more
significantly.

The GPS coordinates of the Magnaprobe were trans-
formed into coordinates of a local metric coordinate system,
called “FloeNavi” (Fig. 3). Furthermore, the transects were
partially corrected for shifts within the ice, which was es-
pecially the case for an event with strong ice dynamics on
16 November 2019. Thus, the southern loop transects un-
til (including) 14 November 2019 are marked as a yellow
rectangle in Fig. 3. Note that a part of the northern tran-
sect was off the regular transect track on 31 October 2019,
which leads to some uncertainties in evaluations. However,
we tested how it affected the average when only the off track
was cut off versus the whole northern transect. We found an
increase of only 0.8 mm when the whole track was consid-
ered. Hence, though this leads to some uncertainties, we in-
cluded the 31 October 2019 transect for further evaluations.
For all other days of sampling, though the transects may de-
viate from one another within the FloeNavi coordinate sys-
tem, the actual transect path was the same. After the coordi-
nate transformation and horizontal correction, for good spa-
tial and temporal comparability, clear margins as shown in
the rectangles in Fig. 3 were defined for the “southern” and
“northern” transect loops. By the overlays, one can recog-
nize that the transect loops were not significantly impacted
by internal differential ice movements.

However, ice dynamics affected the transects, especially
from 11/12 March 2020 on, where leads and cracks opened
throughout the paths. Overall, we tried to minimize the influ-
ence of these ice deformation events on the transect mea-
surements. However, an impact on the time series cannot
be excluded. On the transects, snow height measurements
were sampled with the Magnaprobe with an average distance
between measuring points of 1.1 m. Note that this value is
simply an average that contains the uncertainty of GPS lo-
calization, coordinate transformation and the step length of
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the user, while the users varied mainly between each leg of
MOSAIC. The average distance between measurements was
computed after applying the FloeNavi coordinate transfor-
mation. Values z < 0.00m as well as z > 1.40 m (the tech-
nically constrained measurable length) were discarded as in-
correct data. In this study, we did not account for further cor-
rections that may come along with a tip sinking into mate-
rial below the snow cover, for instance the surface scattering
layer on SYI. Sturm and Holmgren (2018) showed that this
error is hard to quantify, as it depends strongly on the ground
material and of course the applied force as well — an issue
which also occurs for crusts within the snow cover. Similar
issues occur for other snow measurements, such as the ETH
tube and SMP, as well, which will be mentioned later in the
text again.

The northern loop was sampled from 24 October 2019 to
7 May 2020 on 24 d with an average path length of 954 m.
The southern loop was sampled from 31 October 2019 to
26 April 2020 14 times with an average transect path length
of 974 m. More in-detail data and instrument description are
found in Itkin et al. (2021).

To take surface roughness (i.e. variability of snow surface
height) and potential snow accumulation at surface irregu-
larities better into account, we looked at the weekly snow
height differences of the transects. With the given average
horizontal sampling distance (1.03—1.21 m), no small-scale
patterns are considered (sastrugi, for instance) for evalua-
tion. However, since the extent of ridges and most types of
dunes are larger than 1.2 m in all horizontal directions(Filhol
and Sturm, 2015), we expect our typical horizontal sampling
scale to accurately characterize the spatial distribution of ac-
cumulation, which we demonstrate in Sect. 2.3.1.

2.3 SMP density retrievals and SWE from transect
snow depths

Based on how the campaign was planned, we have consid-
erably more SMP force measurements available (N = 3007)
than bulk SWE weighing measurements (N = 195). Further-
more, for each snow pit we made at least n =5 SMP mea-
surements, and the SMP was often used even for ridge tran-
sects; these measurements best characterize the spatial het-
erogeneity in the snow depth across the sea ice. Not many
direct SWE measurements or SMP force measurements are
available along the transect path. Hence, we use the di-
rect SWE measurements for validation but apply a statistical
SWE-snow depth (HS) relationship to estimate SWE along
the full path (Sturm et al., 2002a; Jonas et al., 2009).

Snowpack density can be estimated with a statistical
model from SMP snow depth—force signal profiles (Proksch
et al., 2015):

p=a+b1n(ﬁ)+c1n(F)L+dL, 3)
where a (kg m3), b (N, ¢ N 'mm™!) and 4 (mm~!)

are empirical regression coefficients; F is the median pen-
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Figure 3. Magnaprobe transect paths with coordinates transformed
to the FloeNavi grid corrected for ice drift. The rectangles represent
the margins that were used as a definition for the “northern tran-
sect loop” (upper left) and “southern transect loop” (bottom right)
for good comparability. The shifts between transect paths within a
rectangle originate from corrections and coordinate transformation,
though the actual transect paths were the same.

etration force of the SMP (N) for a specified sliding win-
dow; and L is the microstructural length scale (Lowe and
Herwijnen, 2012) for the same window. Both F and L are
computed for the window size of 2.5 mm with a 50 % over-
lap, which is the same as used in Proksch et al. (2015), but
contrary to Calonne et al. (2020) (1 mm) and King et al.
(2020) (5 mm). King et al. (2020) calibrated the correspond-
ing coefficients to snow on Arctic sea ice and found a =
315.61kgm™3, b =46.94N"!, ¢ = —43.94N"!' mm~! and
d = —88.15mm™"'. The coefficients show a significant im-
provement in density derivation for snow on sea ice, which
is reflected by the decrease in the root-mean-square error
(RMSE) (Proksch et al. (2015): RMSE = 130 kg m3; King
et al. (2020): RMSE =41kg m~3) without removing out-
liers, compared against density cutter measurements. Con-
sequently, we used the coefficients from King et al. (2020)
for the following SWE computations. From the SMP density
estimates we can compute

SWE=HS-p, “4)

where HS (m) is the height of snow over the ice or snow
depth, and 5 (kgm™?) is the vertically averaged density of
the snowpack. The computed SWE dataset is documented in
detail by Wagner et al. (2021). Similar to Jonas et al. (2009),
but applying the function directly to SWE, we fitted the fol-
lowing function to the available bulk SWE measurements as

The Cryosphere, 16, 2373-2402, 2022



2380

well as SWE retrievals from the SMP:
SWE = m - HS¢, 5)

where m is the fitted slope and a is a fitting coefficient. For
the bulk SWE measurements, we found m = 334.61 and a =
1.14 (Fig. 4). For the SMP retrievals we found m = 323.97
and a = 1.07. As we have more SMP measurements avail-
able in total, and especially for deep snow depths compared
with the ETH tube, we computed SWE based on fitted SMP
density—-SWE parameters as

SWE = 323.97 - HS""". (6)

From Fig. 4 one can clearly see that the improvement for
snow on sea ice of the coefficients found by King et al. (2020)
is valid for MOSAIC legs 1-3 SMP data, too (Fig. 4c) and
that the coefficients determined by Proksch et al. (2015) and
Calonne et al. (2020) appear not appropriate to estimate SWE
of snow for this MOSAIC period. Furthermore, the lowest
RMSE (expressed here as average error of individually com-
puted SWE relative to the regression line for an individual
parameter setup) was found for the fitted model with the co-
efficients from King et al. (2020) (7.2 mm SWE) compared
against 15.4 mm (Proksch et al., 2015) and 9.4 mm (Calonne
et al., 2020). However, one should note the following limi-
tations in this comparison: first, we used a sliding window
size of 2.5 mm for all computations, which is the same as in
Proksch et al. (2015), while Calonne et al. (2020) used 1 mm
and King et al. (2020) 5 mm. However, the strength of the
influence can be at least partially invalidated by the fact that
Calonne et al. (2020) state that they tested for sensitivity of
three different window sizes of 1, 2.5 and 5 mm and could not
find a significant influence on the result — which is not quan-
tified in the publication. At least choosing a fixed window for
each parameterization — as we did with the 2.5 mm window —
increases the comparability. Another limitation might be that
the Proksch et al. (2015) calibration was made with a SMP
version 2, while we, Calonne et al. (2020) and King et al.
(2020) use the newest SMP version 4.

We applied our fitted formula to each snow depth measure-
ment with the Magnaprobe along the transect path to obtain
the SWE estimates. The SWE was rounded to integers for the
following description in the text, except when two values that
are compared are very similar. No rounding was conducted
before any computations. The average computed SWE will
also serve as a reference comparison with snowfall sensors
and ERAS as described in Sect. 2.8.

A limitation with this approach is that different snow lay-
ers are not distinguished by density, even though a wind-
packed layer has a higher density than a depth hoar layer.
Hence, when high winds lead to drifting snow deposition that
is detected by a snow height increase with the Magnaprobe,
the SWE increase is likely to be underestimated, as would
be the eroded mass of a drifting snow layer. It is beyond the
scope of this study to attempt an approach that distinguishes
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Figure 4. Scatter plots and fitted HS-SWE function of SMP derived
SWE and measured SWE with the ETH tube for (a) the density
computation coefficients from Proksch et al. (2015), (b) Calonne
et al. (2020) and (c) King et al. (2020).

different snow layers. Instead, for validation, we compared
SMP and ETH tube measurements with transect-computed
SWE along a section of the northern transect loop for 14,
21 and 28 November 2019 (Fig. 5). The validation measure-
ments were conducted at different positions at each day of
measurements and contain drift locations and level ice areas.
Note that this quantitative comparison of bulk SWE and SMP
SWE versus transect contains uncertainties as the accuracy of
GPS measurements (2 m) and the following coordinate trans-
formation of the Magnaprobe as well as the SMP coordinates
do not allow for centimetre-scale precision. Further, the pits
were dug up to a vertical distance of 1 m from the transect
path, in order to sample fresh snow that is not disturbed by re-
peated transects. For quantitative comparison, SWE compu-
tations from direct bulk SWE and SMP measurements along
the transects were plotted over SWE model retrievals. Fig-
ure S5a shows the measuring locations for each SMP measure-
ment along the northern transect loop (five measurements at
each snow pit location), and Fig. 5b—d show the correspond-
ing SWE plotted over the x axis of the FloeNavi for different
days of measurements.
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Figure 5. (a) SMP measurement locations along the Magnaprobe (MP) transect path on 14 (2019-11-14), 21 (2019-11-21) and 28 Novem-
ber 2019 (2019-11-28). The GPS coordinates were transformed into local FloeNavi grid coordinates. Panels (b), (¢) and (d) show the compar-
ison of SWE estimates from direct SMP measurements, direct bulk SWE measurements and SWE derived with the HS-SWE model from the
Magnaprobe snow depth measurements along the northern transect as x-axis location on the FloeNavi grid, for 14, 21 and 28 November 2019.

This comparison shows that the modelled SWE matches
the derived SWE from SMP retrievals and bulk SWE mea-
surements quite well during the three chosen time periods,
even for higher SWE estimates, where a higher scatter is
expected (Fig. 4). Note that although the time distance be-
tween the 3 d of measurements is relatively short, we found
that 42 % of the time for drifting snow conditions the thresh-
old friction velocity for snow transport was exceeded (the
lower snow particle counter (SPC) was not installed yet at
this time) from and including 14 November until and includ-
ing 21 November 2019. From and including 21 November
until and including 28 November 2019 the threshold was
exceeded 57 % of the time. This means we can expect re-
distributed snow for the 2d following 14 November. Inter-
comparing SMP SWE versus ETH SWE, we find a RMSE
of 16.3 mm for 14 November, 8.1 mm for 21 November and
3.5mm for 28 November. However, we must note that the
depth of SWE measurements from the ETH tube and SMP
has some individual but differing restrictions: firstly, as the
SMP cut-off force signal was set to 40-41° N (depending on
the device), the snow depth was determined whenever one of
those values was reached, which is not necessarily the snow—
ice interface. Secondly, during the sampling period, there was
no method established to distinguish between surface scat-
tering layer (SSL) and snow. Hence, its vertical position was
determined visually, which was not always clear. Therefore,
a measurement with the ETH tube might or might not in-
clude the surface scattering layer which formed during the
melt season of 2019. If the SMP was able to penetrate the
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SSL only partially while it was not measured with the ETH
tube, then SWE is overestimated from the SMP measure-
ments. Otherwise, if the SMP could not penetrate the SSL
while it was partially measured with the ETH tube, the SMP-
based SWE computation overestimates actual SWE. How-
ever, as the SMP SWE retrievals are often close to the di-
rect SWE measurements, one can assume reliable values on
the whole. Research to determine exact boundaries between
snow and sea ice is ongoing. Furthermore, since the number
of measurement points along a transect is large and we do not
expect systematic biases, we believe that fluctuations caused
by these various sources of uncertainty will largely average
out, such that the results from the applied SWE model yield
areasonable estimate along the transect.

Under Appendix A we make a comparison with derived
SWE over Arctic sea ice during the SHEBA campaign con-
ducted by Sturm et al. (2002a) in a similar manner. The com-
parison shows the difference between their and our results
and underlines the importance of using our approach for MO-
SAiC snow cover data.

2.3.1 Evaluating the sensitivity of the arithmetic mean
with respect to horizontal sampling distance

As shown by Trujillo and Lehning (2015), a sufficiently
small sampling interval of point measurements is crucial for
estimating representative values of spatially averaged snow
depths. We studied the sensitivity of the horizontal sampling
interval for average mass estimates by reducing the sample

The Cryosphere, 16, 2373-2402, 2022



2382 D. N. Wagner et al.: Snowfall and snow accumulation during the MOSAIiC winter and spring seasons

2019-10-31, n = 1375
1.08 2019-11-07, n = 1021
2019-11-14, n = 1080

—— 2019-12-05, n = 1432
2020-01-02, n = 1590

2020-01-09, n = 2151
2020-01-16, n = 2365
2020-01-30, n = 2539
2020-02-06, n = 2643

2020-02-20, n = 2608
2020-02-27, n = 2475
2020-03-05, n = 1453
2020-04-26, n = 2082

1.04

0.98

fo fol2 fol3 fold fol5 fol6 foll fol8 o9 fol10
f

Figure 6. Sensitivity of the transect average as a factor of the Mag-
naprobe horizontal sampling. The x axis shows the horizontal tran-
sect sampling frequency in relation to the original sampling fre-
quency fp, and the y axis shows the ratio of the average SWE
of all tested frequencies to the average SWE of the original sam-
pling frequency for each day of sampling (31 October 2019 to
26 April 2020).

numbers from using all samples (Magnaprobe average sam-
pling distance of 1.1 m) down to considering every 10th sam-
ple (about 11 m sample distance) for the average. The pro-
cess was conducted for each day of sampling, and the av-
erages were normalized against the original sampling fre-
quency (Fig. 6).

The results show that for sampling frequencies down to
one-third of the original frequency (sampling distances rang-
ing from 1.1 to 3.4m) the average mass estimates vary by
less than +1 %. This indicates that a sampling distance up to
3.4 m is mostly robust and that no significant undersampling
occurred. This also shows that the impact of variations in
sampling interval distance that inevitably occurs with differ-
ent operators of the Magnaprobe is probably negligible. The
larger fluctuations in computed average mass for longer sam-
ple interval distances suggests undersampling at those scales
and less reliable averages. However, a validation of uncer-
tainties that could accompany varying vertical penetration
force leading to different measured snow height, e.g. when
a crust within the snow is penetrated or not due to varying
operators, is not conducted here. The operators were aware
of this issue and tried to apply a similar power for the Mag-
naprobe sampling.

2.4 Snowfall rates
2.4.1 Precipitation gauges

Snowfall rates were estimated using standard internal pro-
cessing software from five distinct precipitation gauges op-
erated by the US Department of Energy Atmospheric Ra-
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diation Measurement (ARM) program. Two sensors inves-
tigated here were installed on the railing on the top deck
of Polarstern — a Vaisala Present Weather Detector 22
(Vaisala, 2004; Kyrouac and Holdridge, 2019) (referred to
as PWD22PS in the following) and an OTT Parsivel® laser
disdrometer (Shi, 2019; Bartholomew, 2020b) (referred to
as P2PS in the following) (Table 1). The PWD22PS was in-
stalled at 22 m and the P2PS at 24 m above the water line. On
the ice, in “met city” (Fig. 2, in the following, referred to as
MC), three precipitation sensors were installed: (1) an OTT
Parsivel? (P2MC), installed at 1.5m nominal height above
the snow surface, surrounded by a double-alter shield; (2) a
PWD22 (PWD22MC), installed at 2 m nominal height, un-
shielded; and (3) an OTT Pluvio> L (Wang et al., 2019b;
Bartholomew, 2020b), shielded by a double-alter shield and
installed at 1 m above the snow (referred to as Pluvio2 in
the following). Different ARM data levels of the devices are
given, where al means “calibration factors applied and con-
verted to geophysical units” and bl means “QC checks ap-
plied to measurements”.

Optical devices evaluated here are the Vaisala PWD22 and
the OTT Parsivel?. However, the measurement technique and
the process of estimating snowfall rates are different. The
Parsivel? is a laser disdrometer that processes the voltage sig-
nal changes due to light extinction when a hydrometeor falls
through the laser beam. It has an effective measuring area of
54 cm? to estimate hydrometeor size and velocity (Loffler-
Mang and Joss, 2000). The hydrometeors are classified into
size classes which can be used to investigate the particle size
distribution. The precipitation type is determined by device-
internal spectral signature comparison, where the spectra are
determined empirically. Based on particle size, velocity and
estimated precipitation type, device-internal software com-
putes a snowfall estimate. No details are known about the
exact formula used by the manufacturer for the snowfall es-
timate. Its accuracy is given by the manufacturer as +20 %
with an intensity range of 0.001 to 1200 mmh~! (Table 1).
The calibration was conducted in the manufacturer’s labora-
tory, and therefore no calibration was needed in the field.

The PWD22 consists of several sensors that are used
to compute the snowfall rate: the two core sensors are
a transmitter-receiver combination, where the transmitter
emits pulses of near-infrared (NIR) light. The receiver on
the other side measures the scattered part at 45° of the light
beam from the emitted signal (sampling volume 100 cm?).
Rapid changes in the scatter signal between transmitter and
receiver are used to compute precipitation intensity. The sam-
pling volume allows for the detection of single crystals and
aggregates of snow crystals (snowflakes). Furthermore, the
PWD?22 is equipped with a heated RAINCAP rain sensor,
which produces a signal proportional to the amount of water
on the sensing element. By means of the ratio from sample
volume and water content determined with the RAINCAP
sensor, precipitation types are distinguished. In the tube be-
tween the transmitter and receiver, another temperature sen-
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sor (thermistor) is installed. The detected temperature is used
to select the default precipitation type. When frozen precip-
itation is detected, the PWD22 software multiplies optical
intensity with a scaling factor, determined from RAINCAP
and optical intensities from the receiver to estimate snowfall
intensity as SWE per time unit (Vaisala, 2004). The manu-
facturer does not provide a value for accuracy; however the
intensity measuring range is given as 0.00 to 999 mmh~!.
There is no calibration principle known for the field, but
the manufacturer mentions comparisons with close reference
gauges as a calibration method.

The only device that we compare here that uses a weigh-
ing principle is the OTT Pluvio®. The instrument’s core is
a sealed load cell that continuously measures the weight of
the precipitation falling into the entry of the bucket. The in-
stalled variant was an OTT Pluvio? L Version 400, with a col-
lecting area of 400 cm? and a recording capacity of 750 mm
of precipitation. Its accuracy is given by the manufacturer as
+0.1mmmin~! or £6mmh~!, or £ 1%, and its intensity
range is given as £6mmh~! or 0.1 to 30mmh~!. No cali-
bration for the OTT Pluvio? is needed in the field as it was
delivered calibrated by the manufacturer. However, calibra-
tion weights were used to test for accuracy.

The data streams were downloaded from the ARM data
archive (https://adc.arm.gov/, last access: 14 June 2022) and
scanned for quality control flags. Values with timestamps
that correspond to flags indicating maintenance time or sus-
picious or incorrect values were discarded.

2.4.2 Snowfall retrievals from the Ka-band ARM
zenith radar

Snowfall was retrieved from the K,-band ARM zenith radar
(KAZR) (Widener et al., 2012; Lindenmaier et al., 2019) that
was installed on a container at the bow of RV Polarstern. Us-
ing a radar snowfall retrieval allows us to investigate snowfall
continuously and eliminates impacts on gauges such as ac-
celeration effects of wind that result in undercatch or overes-
timation due to blowing snow particles. The KAZR operated
at approximately 35 GHz. We computed the snowfall rate S
(mmh~!) according to the power law

Ze=as’, (N

where Z. (mm® m™3) is the radar equivalent reflectivity fac-
tor, and a and b are empirical coefficients. We chose a = 56
and b = 1.2 as these were found to be good average val-
ues for dry snowfall at this radar frequency, and no signifi-
cant riming was observed (Matrosov, 2007; Matrosov et al.,
2008).

Near-field radar measurements can suffer from a variety of
issues, such that snowfall retrievals typically must be applied
to radar signals that are elevated above the surface. To find
an appropriate KAZR range gate to extract snowfall rates,
we plotted the cumulative sums of SWE based on KAZR-
derived snowfall from reflectivity measurements at different
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Figure 7. Computed cumulative snowfall for different KAZR range
gates and PWD22PS.

range gates (Fig. 7). The first range gate of 100 m did not
yield any measurements, while at 130 m reflectivities were
too low. From Fig. 7 we see that the differences in the cu-
mulative snowfall from range gates between 220 and 280 m
are the least. The decrease in computed snowfall with height
beyond 280 m is probably due to very low cloud heights in
winter (Jun et al., 2016), such that snowfall would get under-
estimated as these range gates are often at higher elevations
within the clouds or even beyond the cloud top. We found the
largest snowfall rates for the 280 m range gate; thus we chose
it as the range gate from which we extracted the snowfall re-
trievals. However, based on this simple analysis, the poten-
tial differences in snowfall based on this choice of range gate
are on the order of about 10 %. With an instrument elevation
of 14 ma.s.l., the elevation of the extracted snowfall rates is
294ma.s.l.

2.5 Atmospheric flux station data

A meteorological tower of 10 m height was installed on the
ice 558 m away from RV Polarstern at about 60° off the
bow of the vessel in the middle of October 2019. How-
ever, due to ice dynamics, by the end of leg 3 (begin-
ning of May 2020), the distance was only about 334 m
while the direction from the ship stayed approximately the
same (Fig. 2). At nominal levels z =2, 6 and 10m above
the snow, three-dimensional wind (u, v, w) and temperature
were measured at high frequency with METEK uSonic-3
Cage MP anemometers (METEK GmbH, 2022), while on
the same elevation levels, relative humidity and temperature
were measured with Vaisala HUMICAP humidity and tem-
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